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Introduction
Colon cancer is one of the most common malignancies worldwide [1] . In the USA, it was estimated that 97,220 new coloncancer cases would be diagnosed in 2018 [2] . Surgical resection is the only curative treatment modality for colon cancer; mortality should be kept low with adequate assessment of comorbidities [3] . A large number of colon-cancer patients have anemia [4, 5] and pre-operative anemia has been reported to be associated with poor post-operative outcomes in patients undergoing colectomy [6] .
Perioperative (intra-and/or post-operative) blood transfusion is sometimes necessary for colon-cancer patients with anemia who underwent surgery [7, 8] . However, the relationship between blood transfusion and post-operative outcomes is unclear, as published studies report conflicting results [9] [10] [11] [12] . Although there are some suggestions that transfusions and pre-operative anemia are both independent predictors of a poor outcome [6, 13] , no studies have investigated the joint effect of anemia and transfusion on surgical outcomes among coloncancer patients who have undergone colectomy. Transfusions are commonly perioperatively given to patients with anemia during surgery [14] . Due to the strong association between anemia and transfusion, the joint effect of anemia and transfusions should be considered. Additionally, there is growing evidence that demonstrates that right colon cancer (RCC) and left colon cancer (LCC) might be different malignancies [15] [16] [17] [18] . It is not clear whether anemia and transfusions have differential effects on RCC or LCC outcomes. Furthermore, stratification by tumor location provides an opportunity to identify patients who may benefit from a transfusion treatment. This study aimed to evaluate the combined effect of anemia and transfusion on surgical outcomes stratified by tumor location.
Material and methods

Data source and study population
The American College of Surgeons National Surgical Outcome Improvement Program (ACS NSQIP) database is a nationally validated, risk-adjusted, outcomes-based program used to measure and improve the quality of surgical care. and patients dependent on a ventilator were excluded from consideration. This study was designed to compare outcomes between LCC and RCC, so the patients undergoing total colectomy were excluded.
Variable definition
Using the pre-operative hematocrit levels, anemia was categorized as severe (hematocrit <26%), moderate (26% to <30%), mild (30% to <38%), and no anemia (38%) according to the criteria established in a previous study [6] . We combined the moderate and mild anemia categories into the 'mild anemia' group according to a previous study [19] . Perioperative blood transfusion was defined as patients who received a transfusion any time from the start of surgery to 72 hours after surgery (intraand/or post-operative). Minor complications included superficial surgical-site infection (SSI), urinary-tract infection (UTI), deep venous thrombosis (DVT), and thrombophlebitis. Major complications included deep SSI, organ-space SSI, wound disruption, pneumonia, re-intubation, pulmonary embolism, greater than 48-hour post-operative ventilator-assisted respiration, progressive renal insufficiency, acute renal failure (ARF), cardiovascular accident (CVA), cardiac arrest requiring cardiopulmonary resuscitation, myocardial infarction (MI), sepsis, and septic shock. Patients experiencing any complication were defined as having at least one minor or major complication.
Statistical analysis
The baseline characteristics between RCC and LCC patients were compared using Pearson's chi-square tests for categorical variables and Student's t-test for continuous variables. Multivariate logistic regression models were employed to examine the associations of surgical outcomes with anemia and transfusion while adjusting for potential confounding variables. The significance of the anemia-transfusion interaction was assessed by adding an interaction term in the logistic regression models. All statistical tests were two-sided. A P < 0.05 was considered statistically significant. All statistical analyses were performed using SAS (version 9.4, SAS Institute Inc, Cary, NC, USA).
Results
Demographics and comorbidities
After applying the exclusion criteria, 35,863 patients (18,936 LCC and 16,927 RCC) were analysed. Compared with RCC patients, LCC patients were more likely to be younger, male, non-white, and current smokers ( Table 1) , and were also more likely to be functionally independent and have an American Society of Anesthesiologists (ASA) classification of <3 and a body mass index (BMI) of >30 kg/m 2 . LCC patients experienced less weight loss and comorbidities of diabetes mellitus, MI, congestive heart failure (CHF), previous cardiac surgery, previous percutaneous coronary intervention (PCI), transient ischemic attack (TIA), hypertension, pneumonia, chronic obstructive pulmonary disease (COPD), CVA, and hemiplegia compared with RCC patients. No significant differences were observed in surgery approach and comorbidities of revascularization or amputation, renal failure, dialysis, impaired sensorium, or quadriplegia. The percentages of RCC patients who had mild anemia (62.7% vs 40.2%, respectively; P < 0.001) and severe anemia (2.9% vs 1.4%, respectively; P < 0.001) were lower than those of LCC patients. A total of 2,661 (7.4%) of all patients (1,079 [5.7%] with LCC and 1,582 [9.3%] with RCC) received a perioperative transfusion.
Association between outcomes and locations
After adjusting for patient demographics and comorbidities, there was no significant difference in complications between RCC and LCC patients ( Table 2) . When specific complications were considered, RCC patients had higher risk of pneumonia (odds ratio [OR] ¼ 1.23; 95% confidence interval [CI] ¼ 1.04-1.45; P ¼ 0.016), re-intubation (OR ¼ 1.04; 95% CI ¼ 1.04-1.04; P < 0.001), and DVT (OR ¼ 1.28; 95% CI ¼ 1.02-1.60; P ¼ 0.033) than LCC patients. RCC patients had lower risk of wound disruption (OR ¼ 0.69; 95% CI ¼ 0.54-0.89; P ¼ 0.003), ventilator dependence (OR ¼ 0.89; 95% CI ¼ 0.89-0.89; P < 0.001), and ARF (OR ¼ 0.94; 95% CI ¼ 0.94-0.95; P < 0.001) than LCC patients. Lastly, the operation time of colectomy for RCC was shorter than that for LCC patients (OR ¼ 0.38; 95% CI ¼ 0.36-0.39; P < 0.001); however, RCC patients stayed in the hospital longer (OR ¼ 1.10; 95% CI ¼ 1.05-1.15; P < 0.001) than LCC patients.
Association between outcomes and locations according to anemia and blood transfusion
Both anemia and transfusion were independently associated with an increased risk of post-operative complications and death based on multivariate analyses ( Table 3 ). The observed increased risks of complications seemed greater among LCC than RCC patients. We also found significant joint effects of anemia and transfusion on complications and 30-day mortality. Among LCC patients without anemia, patients receiving transfusions had higher risk of any complications (OR ¼ 3.51; 95% CI ¼ 2.55-4.85; P < 0.001), minor complications (OR ¼ 2.54; 95% CI ¼ 1.63-3.97; P < 0.001), and major complications (OR ¼ 5.31; 95% CI ¼ 3.68-7.64; P < 0.001) than those receiving transfusions ( Table 3 ). The high risks of any complications, minor complications, and major complications were also observed in patients with mild and severe anemia who underwent a transfusion. Similar patterns were observed for RCC patients (OR ¼ 3.74; 95% Table 1 ) and between patients who had longer and shorter operation times ( Supplementary Table 2 ), and all models fit well (Supplementary Table 3 ).
Discussion
This study investigated the joint effect of pre-operative anemia and perioperative transfusion by tumor location on post-operative outcomes in colon-cancer patients undergoing colectomy. A novel finding from the study was that patients without anemia but with transfusion experienced the highest risk of complications and mortality, followed by patients with mild or severe anemia and with blood transfusion, suggesting that a conservative transfusion practice should be considered during colectomy.
The exact mechanisms linking transfusion and adverse outcomes are not fully understood; several phenomena have been suggested [20] . For example, transfusion induces immunosuppression, which results in an increased susceptibility to infections [21, 22] . Transfusion can also increase inflammation by inducing alloimmunization [23] . As expected, this study demonstrated that perioperative transfusion was associated with increased risk of post-operative complications and mortality regardless of anemia status in patients who underwent colectomy. Although pre-operative anemia was reported as an independent predictor on post-operative outcomes, the combined effect appears more closely related to blood transfusion. An earlier study based on NSQIP data reported an increased risk of complications and mortality associated with pre-operative transfusion in patients who underwent colectomy [13] . To eliminate potential confounding from pre-operative transfusion, our study population excluded patients with a history of pre-operative transfusion.
Our study found that the risk of post-operative complications associated with transfusion varied by anemia status. There are reasons for transfusion in clinical practice. For example, patients with significant blood loss during or after colectomy [24] , patients with certain conditions (liver disease, etc.) affecting the production of clotting proteins [25] , patients who underwent chemotherapy, and/or patients with certain heart or lung diseases [26, 27] were all transfusion candidates. It is also possible that the underlying clinical reasons for transfusion resulted in adverse outcomes rather than the transfusion itself. Due to a lack of information on the reason for blood transfusion in our patient cohort, we were unable to evaluate this association. Furthermore, as the decision to transfuse a patient depends on an individual evaluation by a physician, the decision is also influenced by regulations, fear of future litigation, and public expectations in addition to clinical evidence [28] . On the other hand, conditions that suggest a blood transfusion might further worsen of blood transfusion's adverse effect on outcomes, even after adjusting demographics and comorbidities.
Our study's findings provide a strong argument for a more optimal and prudent transfusion practice, suggesting a restrictive rather than liberal transfusion strategy [29, 30] . Alternatives to transfusion have been long anticipated. Pre-operative ferric carboxymaltose treatment has been shown to significantly reduce transfusion requirements and hospital length of stay in colon-cancer patients with anemia and improves hemoglobin response at 12 weeks in patients who underwent gastrectomy, suggesting that it could be a viable alternative to transfusion when a rapid increase in the hemoglobin level is required [31, 32] .
In addition to providing strong evidence for the joint effect of pre-operative anemia and perioperative transfusion on postoperative outcomes of colectomy, the present study also raised a concern about the transfusion criteria for patients undergoing colectomy for cancer, specifically for patients with no anemia. The most common reason for transfusion in such patients is either large amounts of blood loss during surgery or major bleeding complications after surgery. Nevertheless, this reason cannot be explained by the NSQIP, which does not collect any data on blood loss.
A common concern is that case complexity is associated with transfusion requirements. Without a reliable measurement of case complexity, the operation time could serve as a surrogate indicator. Further, laparoscopic surgery was also associated with lower transfusion requirements than an open approach [8] likely because open surgery may amplify the effect of anemia and blood transfusion. In comparison, we found that patients who experienced open surgery or longer operation time did not show different patterns.
Another interesting finding was the stronger association of anemia and transfusion with complications and mortality in LCC patients than in RCC patients. To our knowledge, this result has not been described in previous studies. A previous study with a relatively small sample size (n ¼ 4,875) reported comparable complication rates between LCC and RCC patients undergoing colectomy with the exception of superficial SSI, which was found to be less common in RCC colectomy [33] . Reasons for this difference may be associated with a delay in the diagnosis and associated advanced stage of RCC [34] [35] [36] . Additionally, the occurrence rate of mild and severe anemia was lower in LCC than in RCC patients. We suspect that LCC patients exhibited a better physical condition and earlier presentation than RCC patients.
Our study had several limitations related to its retrospective design. Although the NSQIP is a large worldwide database, the samples included in our study are likely heterogeneous and subject to selection bias because the patients were all deemed fit for surgery. We were unable to consider the specific therapy for each patient. Additionally, the NSQIP does not provide detailed data on the subtype of anemia, duration prior to surgery, volume of blood transfusion, and estimated blood loss during the operation. Sorting these factors out of such a large database would be impractical. Finally, the database does not define the transfusion criteria or rationale.
Conclusions
The study found that perioperative blood transfusion posed a greater risk of complications and mortality regardless of anemia status, suggesting that a perioperative blood transfusion should be judiciously administered, particularly in patients with mild anemia or without anemia.
